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Abstract: 
All-solid-state strong light-matter coupling systems with large vacuum Rabi splitting are great 
important for quantum information application, such as quantum manipulation, quantum 
information storage and processing. The monolayer transition metal dichalcogenides (TMDs) have 
been explored as excellent candidates for the strong light-matter interaction, due to their 
extraordinary exciton binding energies and remarkable optical properties. Here, for both of 
experimental and theoretical aspects, we explored resonance coupling effect between exciton and 
plasmonic nanocavity in heterostructures consisting of monolayer tungsten diselenide (WSe2) and 
an individual Au nanorod. We also study the influences on the resonance coupling of various 
parameters, including localized surface plasmon resonances of Au nanorods with varied topological 
aspects, separation between Au nanorod and monolayer WSe2 surface, and the thickness of WSe2. 
More importantly, the resonance coupling can approach the strong coupling regime at room-
temperature by selecting appropriate parameters, where an anti-crossing behavior with the vacuum 
Rabi splitting strength of 98 meV was observed on the energy diagram. 
1. Introduction 
Understanding and controlling the strong light-matter coupling are great promising for quantum 
optical application [1‒3]. The interaction of the quantum emitters can be modified by its surrounding 
local electromagnetic environment. This means that the spontaneous emission rate of emitter can be 
modified by optical cavity. If the emitter and optical cavity interaction strength become large than 
their individual dissipation, the strong coupling regime is achieved [4, 5]. In this case, strong 
coupling results in the formation of mixed energy states with part-light and part-matter and anti-
crossing behavior can be observed in the optical spectra, characterized by the vacuum Rabi splitting 
(VRS). In the field of quantum information science, achieving strong coupling effect or, in other 
words, quantum coherent oscillation between the emitter and optical cavity is the prerequisite for 
quantum manipulation, quantum information storage and processing [6‒8]. The previous reports of 
strong coupling systems have been demonstrated, such as atoms-microcavity [9], quantum dots-
photonic crystals [5, 10], quantum wells-distributed Bragg reflectors (DBR) cavities [11] as well as 
the later development of organic molecular-plasmonic nanocavity [12‒14]. Whereas these systems 
were performed either non-solid-sate or suffering many experiment obstacles, like ultrahigh vacuum, 
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cryogenic temperature, complex fabrication procedures and highly unstable. At this stage, the 
exploration of novel all-solid-state systems suitable for CMOS-compatible optoelectronic devices 
at room-temperature is strongly desired. 
The layered transition metal dichalcogenides (TMDs), so far over 40 different TMDs found with 
different compounds, have attracted increasing attention in recent years. The remarkable optical and 
electronic properties of monolayer TMDs have been discovered, including the intriguing electronic 
structure owing to the breaking of inversion symmetry and strong spin-valley coupling, the indirect-
to-direct band-gap semiconductors with strong light emission ranging from the near-infrared to the 
visible, and particularly very large exciton binding energies (0.3 eV ~ 0.9 eV) due to the geometrical 
confinement and weak dielectric screening. With these properties, it has motivated extensive studies 
to explore its potential physical phenomena, especially on strong light-matter interaction [15‒19]. 
During the past two years, a few studies about all-solid-state strong coupling systems have been 
reported for TMDs and optical cavities, including TMDs interaction with DBR cavities [20‒22] or 
plasmonic of metal nanostructure arrays [23, 24]. However, to the best our knowledge, the 
monolayer TMDs-DBR cavity systems occasionally need to be performed in cryogenic temperature 
to observe the distinct Rabi splitting phenomenon. On the other hand, the designed structures like 
DBR and metal nanostructure arrays are usually fabricated complex and difficult reproducibility of 
experiments, which limits the development of active-controlled optoelectronic devices in the future. 
Here, we for the first time proposal the observation of strong coupling in all-solid-state system 
composed of monolayer WSe2 and an individual Au nanorod at room temperature. The monolayer 
WSe2 exciton transition efficiency is stronger at room temperature than the cryogenic temperature 
in near-infrared regime, suggesting the exciton-optical interaction suitability for room temperature 
[25]. Furthermore, the Au nanorod can confined the electromagnetic fields into an ultrasmall volume 
that strongly enhance the interaction with excitons. Whereby both of these merits can greatly in 
favor of the two-dimensional WSe2 exciton and Au nanorod plasmon entering the strong coupling 
regime, where hybrid modes are formed and give rise to an anti-crossing behavior with the VRS of 
98 meV on the energy diagram. 
2. Results and discussion 
 
 
Figure 1. Characterization of Au nanorods sample. (a) Extinction spectrum of the pristine Au 
nanorod sample. (b) TEM image of the pristine Au nanorods.  
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The most intriguing characteristic of Au nanorods as plasmonic nanocavity is their localized surface 
plasmon resonances (LSPRs). The electromagnetic fields associated with the LSPRs mode are 
tightly confined to deep sub-wavelength volumes in all three dimensions which provides a way to 
focus light in the nanoscale and large electric enhancements around the Au nanorods. Furthermore, 
the Au nanorods with very high yields and uniformity can be easily synthesized using the mature 
methods and the LSPRs wavelength can be facile tuned by tailoring their topological aspects at 
ambient conditions [26]. Usually elongated Au nanorods exhibit two types of plasmon resonances, 
the transverse plasmon mode (TPM) associated with electron oscillations along the diameter 
direction and the longitudinal plasmon mode (LPM) owing to electron oscillations along the length 
direction. In our study, we focused on the LPM, which was strong dependent on the aspect ratios of 
the Au nanorods. The Au nanorods were synthesized using the seed-mediated method [27] in our 
study. Figure 1(a) gives the extinction spectrum of pristine Au nanorod sample by adding 20 μL 
seeds which exhibited LPM wavelength of 766 nm. The morphologies of Au nanorod can be seen 
clearly from the TEM image which showed uniform size and shape distribute (figure 1(b)). The 
average length, diameter, and aspect ratio of the pristine Au nanorods are 80 ± 6 nm, 23 ± 2 nm, 3.4 
± 0.4. The monolayer WSe2 flake was grown by chemical vapor deposition (CVD) method. Figure 
2(a) exhibits triangular shape with edge lengths ~50 μm. The monolayer nature of WSe2 flake can 
be confirmed by typical atomic force microscopy (AFM) image and the thickness was determined 
to be ~ 0.9 nm (figure 2(b)). Figure 2(c) shows the high-resolution transmission electron microscopy 
(HRTEM) image of the single-crystalline WSe2 flake which clearly resolves the atomic lattice and 
the selective area electron diffraction (SAED) pattern (the inset of figure 2(c)) shows a hexagonal 
crystal structure. The absence of the B2g1 peak at ~308 cm-1 indicated that the flake was monolayer 
(Figure 2(d)), which is in good agreement with previous Raman studies [28]. Both of the structure 
and light emission of monolayer WSe2 flake are very uniform, which can be manifested from the 
Raman intensity and photoluminescence position mapping in figure 2(e) and (f). 
 
Figure 2. Characterization of monolayer WSe2 flake. (a) Optical image of the monolayer WSe2. (b) 
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AFM image of the monolayer WSe2 flake showing the thickness of ~ 0.9 nm. (c) High-resolution 
transmission electron microscopy (HRTEM) image of the monolayer WSe2. Insert showing the 
selective area electron diffraction (SAED) pattern, which shows a hexagonal crystal structure. (d) 
Raman spectrum of triangular WSe2. (e), (f) photoluminescence position and Raman intensity 
mapping of WSe2 flake corresponding to (e), respectively. 
 
 
Figure 3. Au nanorod−WSe2 heterostructures. (a) Schematic showing the hybrid structure 
composed of an individual Au nanorods coupled to a monolayer WSe2 flake. (b) Photoluminescence 
spectrum of the monolayer WSe2 (upper), scattering spectrum of an individual Au nanorod (middle), 
and scattering spectrum of Au nanorod−WSe2 heterostructure (lower).  
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Figure 4. Strong coupling in Au nanorod−WSe2 heterostructures. (a) Dark-field scattering spectra 
from different individual Au nanorods coupled to the same monolayer WSe2. (b) SEM images of 
Au nanorods coupled to monolayer WSe2, which correspond to the scattering spectra shown in (a) 
(from top to bottom). The aspect ratios of the Au nanorods from (Ⅰ) to (Ⅵ) are 4.4, 3.6, 3.5, 3.4, 3.2 
and 3.0, respectively. (c) Calculated spectra corresponding to the experimental spectra shown in (a).  
 
 
Figure 5. Anti-crossing behavior of Au nanorod−WSe2 heterostructures. (a) Normalized scattering 
energy diagrams of varied detunings between the exciton and plasmon resonance coupling of the 
heterostructures, showing an anti-crossing behavior between the upper and lower branches. The two 
energy branches are fitted to a coupled oscillator model, showing Rabi splitting of 98 meV. (b) 
Exciton and plasmon fractions of the upper branch and lower branch of Au nanorod−WSe2 
heterostructures, respectively.  
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Figure 6. Calculaed scattering spectra of Au nanorod−WSe2 heterostructures using FDTD method. 
The aspect ratio of the Au nanorod is kept as 3.5 (a) Dependence of the strong coupling on the 
separations between the Au nanorod and WSe2 surface, while the thickness of the WSe2 is fixed at 
1 nm. (b) Dependence of the strong coupling on the thickness of WSe2 with the Au nanorod contact 
to the WSe2 surface.  
 
The strong light-matter coupling hybrid nanostructure consists of the Au nanorod depositing onto 
the monolayer WSe2 flake (figure 3(a)). Various individual Au nanorods were sparsely distributed 
onto the WSe2 flake and SiO2 substrate, which were allowed for identifying their scattering spectra 
using dark-field scattering spectroscopy and morphologies using the scanning electron microscope 
(SEM) technique. The pristine monolayer WSe2 flake exhibits a very sharp and strong exciton 
emission centering at 1.67 eV, with a narrow line width (γex) of 47 meV (figure 3(b) upper panel). 
The dark-field scattering spectra of individual Au nanorod depositing onto SiO2 and monolayer 
WSe2 flake were measured respectively (Figure 3(b) middle and lower panel). The typical Au 
nanorod scattering spectrum exhibits LPM peak at 1.67 eV and the plasmon line width (γpl) to be 
estimated as 82 meV, which is resonance with the exciton emission of WSe2 flake. Whereas the peak 
splits into two distinctly scattering peaks from the Au nanorod coupling with the monolayer WSe2 
flake, where the high-energy (HEM) and low-energy (LEM) hybrid modes are formed (Figure 3(b) 
lower panel). In order thorough demonstrate the resonance coupling of heterostructure, the dark-
field scattering spectra were measured from various individual Au nanorods depositing onto the 
same WSe2 flake that of different detuning energies between the plasmon frequencies and exciton 
transition. To this end, seven representative scattering spectra of Au nanorod−WSe2 heterostructure 
shown in figure 4(a) were performed the corresponding SEM characterization to determine their 
morphologies (figure 4(b)). The LPM frequencies were decreased from bottom to top with the aspect 
ratio increasing from 3.0 to 4.4. The intensities of the scattering spectra obtained have been 
normalized. When LPM frequencies are on the high-energy side away from the exciton transition, 
the HEM dominates and redshift with decreasing LPM frequencies. As the LPM frequencies become 
overlapped with the exciton transition, the HEM and LEM are comparable with each other. When 
the LPM frequencies move further from the exciton to the low-energy side, the LEM higher than 
the HEM and redshifts as the detuning energy becomes larger. To further understanding the strong 
coupling effect of the Au nanorod−WSe2 heterostructure, we carried out the finite-difference time-
domain (FDTD) method to calculate the light scattering properties of heterostructures. The 
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calculated scattering spectra (figure 4(c)) shapes and evolvements manifest similar with the 
experimental results. To further confirm that the heterostructure indeed approach the strong coupling 
regime, the anti-crossing behavior is the one of the essential feature of the strong coupling effect 
between exciton transition and optical mode. Whereas such phenomenon can be observed on the 
normalized scattering spectra evolution of the Au nanorod−WSe2 heterostructures by continue 
tuning the energy detuning of LPM energy across the exciton transition energy. Two distinct 
branches associated with LEM and HEM respectively can be seen in the coupling energy diagram, 
namely the upper branch and lower branch, which manifests a clearly anti-crossing behavior in 
figure 5(a). Accordingly, a coupled harmonic oscillator model was then adopted to describe the 
strong coupling effect, which are excellent agreed with the experimental data [13]. As shown in 
figure 5(a), the Rabi splitting energy, ħΩ, can be seen to be 98 meV at zero energy detuning. On the 
other hand, the second condition of strong coupling is that a Rabi splitting energy should be fulfill: 
(
2
Ω expl
 
  ) [20], which is also satisfied in our results. Therefore, the resonance 
interaction between individual Au nanorod and monolayer WSe2 enters the strong coupling regime. 
In this regime, two new hybridized stated with part-light and part-matter will be formed due to the 
coherent energy exchange between the exciton and plasmon resonance. We also utilized the coupled 
harmonic oscillator model to calculate the respective contributions from exciton and plasmon 
components for upper and lower branches. As shown in figure 5(b), by detuning the plasmon 
resonance to low-energy side of the exciton transition, the lower branch is more plasmon-like while 
the high-energy one exciton-like, and vice versa for detuning to the high-energy side. Furthermore, 
the dependence of strong coupling on separation between Au nanorod and monolayer WSe2 surface, 
as well as the thickness of WSe2 were considered in our calculation (figure 6(a) and (b)). As the Au 
nanorod is located far away from the WSe2 surface, the split LEM will vanish quickly and disappear 
for separation larger than 1.5 nm (figure 6(a)). On the other hand, the exciton emission efficiency is 
the strongest for monolayer WSe2 and decrease as the number of WSe2 flakes increase, so that the 
intensities of HEM tend to diminish when the thickness of WSe2 become increasing (figure 6(b)). 
These results were manifested the strong coupling with two distinct split modes when the Au 
nanorod and monolayer WSe2 contacted closely, which are excellent consistent with our experiment. 
3. Conclusion 
In summary, we for the first time observed the strong coupling in exciton-plasmonic nanocavities 
heterostructures composed of an individual Au nanorod and monolayer WSe2 at room-temperature. 
The resonance interaction was investigated by the single-particle dark-field scattering spectroscopy, 
FDTD simulations, and the coupled harmonic oscillator model. An excellent agreement between the 
experimental and theoretical results have been obtained. The coupling strength of Au 
nanorod−WSe2 heterostructures can be facile tuned by selecting various topological aspects of Au 
nanorods, where an anti-crossing behavior is observed on the energy diagram with the giant vacuum 
Rabi splitting of 98 meV. Moreover, we believe that the proposed Au nanorod−WSe2 
heterostructures can pave the way to explore the strong coupling of all-solid-state systems in near-
infrared regime that will widely utilized in future quantum optical and quantum information 
application. 
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4. Methods 
4.1. Characterizations  
The scattering spectra of individual Au nanorods over the monolayer WSe2 were recorded on a dark-
field optical microscope (Olympus BX51) that was integrated with a quartz-tungsten-halogen lamp 
(100 W), a monochromator (Acton SpectraPro 2360), and a charge-coupled device camera 
(Princeton Instruments Pixis 400BR_eXcelon). The camera was thermoelectrically cooled to -70 ℃ 
during the measurements. A dark-field objective (100×, numerical aperture 0.80) was employed for 
both illuminating the nanocrystals with the white excitation light and collecting the scattered light.  
For measuring the extinction spectra of Au nanorods colloidal samples, a HITACHI U-4100 
UV/visible/near-infrared spectrophotometer with an incidence spot size of 5 mm was utilized. The 
Raman and PL spectra of WSe2 monolayer were collected using a Renishaw inVia Reflex system 
with a dark-field microscopy (Leica). The excitation laser of 532 nm was focused onto the samples 
with a diameter of ~1 μm through a 50× objective (NA=0.8). SEM images of individual Au nanorods 
were acquired using an FEI Quanta 450 microscope. The thickness of monolayer WSe2 was 
measured using AFM (NTEGRA Spectra). HRTEM and SAED measurements were conducted on 
the same field emission TEM (FEI Tecnai3 G2 60-300) with operating at 300 kV. 
4.2. FDTD Calculations 
Finite-difference time-domain (FDTD) method was utilized to calculate the optical properties of the 
Au nanorod−WSe2 heterostructure. The Au nanorod was modeled as a cylinder capped with a 
hemisphere at each end, and was placed on a WSe2 layer on top of a 300 nm thick SiO2 layer. The 
bulk dielectric function of gold was used [29]. The dielectric function of the monolayer WSe2 was 
adopted from previous reported values [30]. In this manner, the exciton energy is 1.66 eV. A 
dielectric constant of 2.25 was used for the SiO2 substrate. For the calculation of scattering spectra 
of Au nanorod–WSe2 heterostructure, the lengths and the diameters of the Au nanorods set to (78 
nm, 26 nm), (80 nm, 25 nm), (81 nm, 24 nm), (83 nm, 24 nm), (86nm, 24 nm) and (87 nm, 20 nm) 
corresponding the aspect ratio from 3.0 to 4.4. Optimization calculations were carried out to make 
the Au nanorod contact with the WSe2 and thickness (1 nm) of the WSe2 monolayer. 
4.3. Coupled Harmonic Oscillator Model 
The hybridized states can be described using a coupled harmonic oscillator model as: 

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                                        (1) 
where Epl, Eex and γpl, γex are the energies of the uncoupled plasmon and exciton transition and 
the dissipation rates respectively. g is the coupling rate, E± are the eigenvalues of the coupled system 
which describe the energies of the hybridized states, and α and β are the coefficients of the liner 
combination of the plasmon and exciton, where |α2+β2| = 1. To simplify the analysis we ignore the 
dissipations, and the eigenvalues are: 
2
g
2
EE
E
22
expl 4 


                                                 (2) 
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 where expl EE   is the detuning between the plasmon resonance and exciton transition 
energy. The Rabi splitting energy, ħΩ = 2g, can be obtained when Epl = Eex. Besides, according to 
equation (2),  
  -EEEEg   exex                                                   (3) 
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